Peptidoglycan (PG) is an essential, envelopefortifying macromolecule of eubacterial cell walls. It is a large polymer with multiple glycan strands interconnected by short peptide chains forming a sac-like structure around cytoplasmic membrane. In most bacteria, the composition of the peptide chain is wellconserved and distinctive; in E. coli, the peptide chain length varies from two to five amino acids with a tetrapeptide consisting of L-alanine -D-glutamic acid -meso-diaminopimelic acid -D-alanine. However, it is not known how bacteria conserve the composition and sequence of peptide chains of PG. Here, we find that a conserved open reading frame of unknown function, YfiH (renamed PgeF) contributes to the maintenance of peptide composition in E. coli. Using genetic, biochemical and mass spectrometrical analyses we demonstrate that absence of yfiH results in incorporation of non-canonical amino acids, L-serine or glycine in place of L-alanine in PG sacculi leading to b-lactam -sensitivity, lethality in mutants defective in PG remodelling or recycling pathways, altered cell morphology and reduced PG synthesis. yfiH orthologs from other Gram-positive genera were able to compensate the absence of yfiH in E. coli indicating a conserved pathway in bacterial kingdom. Our results suggest editing/quality control mechanisms exist to maintain composition and integrity of bacterial peptidoglycan.
Introduction
Peptidoglycan (PG or murein) is a unique exoskeletonlike macromolecule present in the cell envelope of most bacteria. This mesh-like structure protects cells against internal turgor pressure and also contributes to maintenance of cell shape. Chemically, PG consists of multiple linear overlapping glycan strands comprising of alternating b-1, 4-linked N-acetylmuramic acid (MurNAc) and Nacetylglucosamine (GlcNAc) disaccharide units that are cross-linked to each other via short peptide chains. Normally, the length of the peptide chains in the PG sacculi varies from two to five amino acids with a tetrapeptide consisting of L-alanine, D-glutamic acid, meso-diaminopimelic acid (mDAP) and D-alanine in E. coli. The peptide chain is attached to the glycan strand by an amide bond between the N-terminal amino acid, L-alanine and D-lactoyl moiety of MurNAc in the glycan chain. Crosslinking normally occurs between the D-alanine of one peptide chain with mDAP of another peptide chain of a neighbouring glycan strand contributing to the formation of net-like PG sacculus (Park, 1996; Holtje, 1998; Vollmer et al., 2008; Fig. 1) .
As illustrated in Fig. 1 , the PG precursors are synthesized as part of an elaborate pathway involving multiple steps that occur in two distinct cellular compartmentsthe cytoplasm and the periplasm. The cytoplasmic phase begins with the generation of UDP -MurNAc to which Lalanine is ligated to form UDP -MurNAc -L-Ala by the action of an essential enzyme, MurC. This is followed by sequential addition of D-glutamic acid, mDAP and the dipeptide, D-alanyl -D-alanine, in reactions catalyzed by MurD, MurE and MurF respectively to finally generate UDP -MurNAc -L-ala -D-glu -mDAP -D-ala -D-ala (UDP -MurNAc -PP). UDP -MurNAc -PP is then transferred to an inner membrane-bound lipid carrier (C 55 -bactoprenol phosphate) to generate lipid I to which UDP -GlcNAc is added yielding lipid II (disacchary L-pentapeptide), the final product of the cytoplasmic phase of PG synthesis. The lipid II molecules are then flipped across the inner membrane to its periplasmic face (Barreteau et al., 2008; Bouhss et al., 2008; Typas et al., 2012) .
In the periplasm, the disaccharide-pentapeptide moiety of lipid II polymerizes into nascent glycan strands in two reactions catalysed by membrane-bound glycosyl transferases and transpeptidases. The glycosyl transferases catalyse the linking of the disaccharide sugar units whereas the peptide chains are cross-linked to each other by D, D-transpeptidases in which the D-alanine at position 4 is bonded to mDAP at position 3 of the adjacent peptide (Bouhss et al., 2008; Typas et al., 2012) . In addition, approximately 45% of the PG is regularly turned over and recycled per generation by the action of several PG hydrolases including SltA, AmiD, AmpD on so forth. More than 90% of released muropeptides and peptides are channelled back into the cytosol by AmpG permease and OppBCDF transporter respectively, although abolishing the recycling and turnover of PG by deleting the enzymes involved in this process has no detrimental effect on growth of E. coli (Park and Uehara, 2008; Fig. 1) .
The composition and structure of PG is somewhat variable across bacterial kingdom. It has been observed that glycan strands do not show much variation whereas peptides show a high level of diversity in the composition and sequence in PG from different species. In addition, for an individual bacterial species, the peptide chain composition significantly varies with the growth conditions (Schleifer and Kandler, 1972; Vollmer et al., 2008) . Interestingly, it was observed that MurC (UDPMurNAc -L-alanine ligase), the enzyme responsible for ligation of L-alanine to UDP -MurNAc is known to possess a weak substrate specificity. In vitro studies performed with MurC isolated from both Gram-negative (E. coli) and Gram-positive (Staphylococcus aureus) bacteria showed that non-canonical amino acids such as L-serine or glycine are utilised as substrates in addition to L-alanine albeit with lower affinities (Liger et al., 1991 (Liger et al., , 1995 Patin et al., 2010) . However, it is not known whether any factors/mechanisms exist in bacteria that prevent the compositional deviations in peptide chains and contribute to the maintenance of PG structure.
In the present study, we show that an ORF of unknown function, YfiH is involved in maintenance of peptide chain composition in E. coli. YfiH is broadly conserved across bacterial genera and is located in the division and cell wall (dcw) cluster of many Gram-positive organisms ( Fig. 2A) . Extensive genetic and molecular analyses of an E. coli deletion mutant lacking yfiH showed substitution of L-serine in place of L-alanine in more than 20% of the muropeptides of PG sacculi leading to hypersensitivity to b-lactam antibiotics, significantly reduced rate of PG synthesis and altered cell morphology. Another non-canonical amino acid glycine also manifested effects similar to that of L-serine. Successful heterologous complementation of E. coli yfiH mutant with the orthologs cloned from Bacillus subtilis and Mycobacterium tuberculosis provided compelling evidence in favour of the existence of a conserved mechanism. Based on these results, we propose that YfiH may have a role in editing/quality control of GlcNAc to UDP-MurNAc to which Mur ligases (MurC, D, E and F) sequentially add L-alanine, D-glutamic acid, meso-diaminopimelic acid (mDAP) and D-alanyl-D-alanine yielding UDP-MurNAc-pentapeptide. This is loaded onto a lipid carrier undecaprenyl-P (Und-P) followed by GlcNAc addition to form lipid II. The lipid II molecules are flipped into the periplasm and are polymerized into the PG sacculus by transglycosylases (TGs) and transpeptidases (TPs). Action of lytic transglycosylases (LTs) and AmiD releases anhydromuropeptides and peptides which are recycled into the cytosol via AmpG permease or OppBCDF transporter. These are broken down further into sugar and tripeptide moieties that will enter the de novo pathway. muropeptides and hence in the maintenance of PG composition and structural integrity. Because of its involvement in PG editing/proofreading, we propose yfiH to be renamed pgeF (peptidoglycan editing Factor).
Results

Role of yfiH in PG metabolism
In Gram-negative bacteria, yfiH is not a part of dcw cluster; and in E. coli, it is located in a bicistronic operon downstream of rluD, a gene encoding 23S-pseudouridine synthase ( Fig. 2A) . To investigate the function of yfiH in E. coli, a complete deletion was made on the chromosome by recombineering (Datsenko and Wanner, 2000) to generate strain SP001 (MG1655 DyfiH::Kan; Table 1 ). In addition, we also constructed a strain, SP002 in which DyfiH::Kan deletion (JW2575) from the Keio mutant collection (Baba et al., 2006) was transferred into MG1655. Both deletion mutants exhibited identical phenotypes, and therefore, for all further studies, SP003, a Kan S derivative of SP002 was used. A. Operonic arrangement of yfiH in E. coli and M. tuberculosis. B. b-lactam sensitivity of yfiH mutant. WT (MG1655), DyfiH/pBAD33 or DyfiH/pBAD33-yfiH were grown overnight and viability assays (1) growth curves (2) and microscopy (3) were done as described in Experimental procedures. Scale bar represents 5 mm. C. Growth of DdacA DpbpG DyfiH. WT, DyfiH, DdacA DppbG and DdacA DpbpG DyfiH strains were grown in MM1Glu at 378C overnight and viability assays (1) growth curve (2) and microscopy (3) were done at 308C as described in Experimental procedures.
Compared to WT, SP003 (DyfiH) mutant did not exhibit any apparent growth defect on various media (LB, LBON or NA) at different temperatures (data not shown). However, when tested for susceptibility towards several antibiotics perturbing cell division or cell wall synthesis (such as b-lactams, vancomycin, bacitracin or fosfomycin), this mutant was exclusively sensitive to blactam antibiotics as shown earlier (Liu et al., 2010; Nichols et al., 2011 (Liu et al., 2010; Nichols et al., 2011) .
In addition, cells of DyfiH mutant grown in LB were significantly longer compared to the WT cells (Fig.  2B. 3). The average length of the mutant cells (n 5 638) was 1.75 fold higher (from 3.94 to 7.16 mm) compared to that of WT cells (n 5 607) (Supporting Information Fig. S1 ). Interestingly, the increased cell length was observed only in early exponential phase cultures (OD 600 0.3-0.4) with the cells reverting back to their normal size as cultures entered into the late logarithmic phase of growth (data not shown).
b-lactam antibiotics bind and inhibit functions of different penicillin-binding proteins (PBPs); therefore to test if yfiH is synthetic lethal with any of the PBPs, several double and triple mutants lacking one or more lowmolecular weight (LMW) PBPs were constructed. E. coli encodes multiple LMW PBPs; Pbp4, Pbp4b, Pbp5, Pbp6, Pbp7, Pbp8 and AmpH to facilitate the processes related to PG synthesis, remodelling and turnover (Sauvage et al., 2008) . We could delete yfiH in all of these single deletion strains with no observable growth defect; however, in a double mutant (SP037) lacking both Pbp5 and Pbp7 (encoded by dacA and pbpG, respectively), deletion of yfiH resulted in slower growth. As shown in Fig. 2C , the triple mutant (SP038) exhibited significantly retarded growth (Fig. 2C .1 and C.2) with the presence of very long and thick filaments with noticeable shape deformities including branching (Fig. 2C.3) . Altogether, the above observations suggested a role for yfiH in PG metabolism.
Presence of L-serine in PG is responsible for the phenotypes of yfiH Interestingly, b-lactam sensitivity was not observed when yfiH mutant was grown in minimal synthetic media (MM) with D-Glucose as the sole C-Source (MM 1 Glu) but was seen in MM supplemented with 0.5% Casamino acids as sole C-source (MM 1 CAA) (Fig. 3A) . CAA is All E. coli deletion alleles were taken from the Keio collection (Baba et al., 2006) and were subjected to authenticity testing by linkage, PCR, sequence analysis, and phenotype if known. MG1655 is used as the WT strain. † Marker-less (Kan S ) strains were constructed by flipping out the Kan cassette using Flp recombinase encoding pCP20 plasmid (Datsenko and Wanner, 2000) .
an acid hydrolysate of casein that contains all amino acids except tryptophan. This observation suggested that b-lactam sensitivity of yfiH mutant is due to the presence of a growth factor in CAA. To discern this component, b-lactam sensitivity of DyfiH was examined on MM 1 Glu plates supplemented with each of the individual amino acids (ranging from 1-10 mM concentration). Of these, surprisingly, addition of L-serine (3 mM) alone resulted in extreme b-lactam sensitivity (Fig. 3A) . Addition of D-serine up to 10 mM failed to mount the same response suggesting a stringent stereo-selective effect of L-serine (data not shown). All the abovedescribed phenotypes of DyfiH (such as increased cell length and sickness in DdacA DpbpG background) were strictly dependent on presence of L-serine; depletion of L-serine from the medium by either transferring cells into L-serine free medium or entry of culture into late logarithmic phase led to reversal of the phenotypes which manifest again following addition of fresh medium containing L-serine (data not shown). It is known that Lserine is utilized rapidly during growth of E. coli (Newman and Walker, 1982) leading to its depletion in the medium (Gschaedler and Boudrant, 1994) and this could be a likely basis for the loss of yfiH mutant phenotypes in cultures of late logarithmic phase.
An independent line of investigation also confirmed Lserine-dependent b-lactam sensitivity. In a multicopy suppressor screen to identify genes that abolish the blactam sensitivity of yfiH mutant, an L-serine deaminase, sdaA was obtained as a strong suppressor. SdaA is one of the three serine deaminases that convert intracellular L-serine into pyruvate for channelling it into TCA cycle (Zhang and Newman 2008) . A vector with sdaA cloned downstream of an inducible arabinose promoter (pSA3), suppressed all the phenotypes of yfiH deletion mutant (Fig. 3B) . Overexpression of another serine deaminase, sdaB but not tdcG suppressed b-lactam sensitivity of the mutant albeit to a lower extent compared to sdaA (Supporting Information Fig. S2 ). Moreover, in a candidate-based approach, deletion of an L-serine transporter sdaC (Shao et al., 1994) suppressed the yfiH mutant phenotypes very well (Fig. 3C) .
To test the effect of high intracellular L-serine concentration on the growth of yfiH mutant, a deletion of yfiH was introduced into a strain lacking all the three serine deaminases (DsdaA DsdaB DtdcG; TM; SP069). A mutant lacking the three serine deaminases is reported to have high intracellular concentration of L-serine resulting in slow growth and altered cell morphology (Zhang and Newman 2008) . As shown in Fig. 3D , the and DyfiH, DyfiH DsdaC/pBAD18 and DyfiH DsdaC/pBAD18-sdaC (C) on indicated plates.(D) Cultures of DyfiH, DsdaA DsdaB DtdcG (TM) and DsdaA DsdaB DtdcG DyfiH (QM) were grown overnight in MM1Glu at 378C and used for viability assays (1) and microscopy (2) as described in Experimental procedures. Scale bar represents 5mm.
Role of yfiH (pgeF) in peptidoglycan metabolism 709 quadruple mutant (DsdaA DsdaB DtdcG DyfiH; QM; SP070) failed to grow on LB or MM 1 Glu 1 CAA but grew well on MM 1 Glu agar indicating that yfiH is crucial for growth under conditions of high intracellular Lserine concentration ( Fig. 3D.1 ). Microscopic examination of the quadruple mutant cells revealed presence of very long filaments that were prone to lysis ( Fig. 3D .2). These observations clearly indicate that elevated intracellular L-serine is the basis of yfiH mutant phenotypes.
yfiH prevents incorporation of L-serine into the PG sacculi All the above-described L-serine dependent phenotypes of DyfiH mutant are indicative of defects in PG. As discussed earlier, PG precursors are synthesized in the cytoplasm as UDP-derivatives generating the final product of the pathway, lipid II that is flipped across the inner membrane to get inserted into the PG sacculus. An early step in this pathway is synthesis of UDPMurNAc -L-alanine by an amide bond formation between L-alanine and UDP -MurNAc in a reaction catalysed by MurC (Barreteau et al., 2008) . Previous in vitro studies showed that specificity of MurC for L-alanine is not absolute and non-canonical amino acids such as L-serine or glycine are also used as weak substrates (Liger et al., 1991 (Liger et al., , 1995 . In addition, reduced substrate specificity of MurC leading to defective PG was considered to be the basis of the defects observed during growth of DsdaA DsdaB DtdcG mutant in conditions of high intracellular serine concentration (Zhang et al., 2010) .
Therefore, we set out to examine the composition of PG sacculi in presence or absence of yfiH. PG sacculi were isolated from early exponential phase cultures of the mutant and WT grown in LB or MM 1 Glu 1 CAA. The PG sacculi were digested with mutanolysin followed by separation of the resulting soluble muropeptides by reverse-phase high-pressure liquid chromatography (RP-HPLC). Analysis of the HPLC chromatograms showed the presence of two additional muropeptide peaks in the PG sacculi of yfiH mutant which were not present in the PG of the WT (peak 4 and 5 in Fig. 4A and B). These muropeptide fractions were collected, dried and reconstituted in 50% acetonitrile solution containing 0.1% TFA before subjecting them to determination of mass using MALDI-TOF/TOF system. The molecular weights of peaks 4 and 5 were determined to be 1903 and 909 Daltons (Da) respectively (Supporting Information Fig. S3 ). Further analysis of these peptides by MS/MS clearly showed the presence of L-serine instead of L-alanine at the first position of disaccharide tripeptide (peak 5) and dimer of disaccharide tetrapeptide (peak 4) (Fig. 4G) . Analysis of another differentially altered muropeptide peak (designated peak 1) indicated that it is a mixture of disaccharide tetrapeptide (containing L-serine) and disaccharide tripeptide (containing L-alanine) that co-eluted with each other (Fig.  4G and Supporting Information Fig. S3 ). The changes in muropeptide profile were accentuated in PG derived from yfiH mutant grown in MM 1 Glu 1 Ser confirming the alterations to be L-serine dependent (Fig. 4C) . Based on the peak area calculation, it is observed that more than 20% of the peptides contain L-serine in place of L-alanine. The muropeptide profile of the yfiH mutant complemented with a plasmid carrying yfiH (pSA1) was found to be similar to that of WT (Fig. 4D) . However, Lserine containing muropeptides were not detected when the mutant was either grown in MM 1 Glu (Fig. 4E) or when sdaA was overexpressed (Fig. 4F) showing elevated intracellular L-serine drives its incorporation into the PG sacculi. In addition, L-serine muropeptides were not detected in PG isolated from WT strain grown in any of the L-serine containing media ( Fig. 4A-C) indicating that YfiH is both necessary and sufficient to prevent the incorporation of L-serine into the PG sacculi.
We surmised that if poor substrate specificity of MurC results in incorporation of L-serine in PG, then, overexpression of MurC may interfere with L-serine incorporation and thereby increase the effective concentration of L-alanine muropeptides in the PG resulting in the loss of yfiH mutant phenotypes. As expected, a plasmid with murC cloned downstream of an arabinose-inducible promoter (pSA9) was able to considerably suppress the blactam sensitivity of DyfiH (Fig. 5A ). In the same lines, altering the stoichiometric ratio of L-alanine to L-serine by supplementation of L-alanine (3 mM) completely suppressed the phenotypes of the yfiH mutant and also abolished the accumulation of L-serine containing muropeptides in the PG sacculi (Fig. 5B.1 
and B.2).
YfiH also prevents incorporation of glycine-containing muropeptides
In light of the earlier report that MurC can also use glycine as a weak substrate (Liger et al., 1991 (Liger et al., , 1995 , we revisited the effect of glycine on yfiH mutant phenotypes. As shown in Fig. 6A , the mutant showed blactam sensitivity only in presence of excess glycine (MM 1 Glu supplemented with 60 mM glycine) which was suppressible by addition of exogenous L-alanine (Fig. 6A) . Multiple copies of sdaA did not suppress glycine-mediated b-lactam sensitivity indicating that formation of L-serine from glycine is not the basis of this phenotype (data not shown). Analysis of PG isolated from the WT and yfiH mutant grown in presence of glycine (MM 1 Glu 1 Gly) showed peaks corresponding to muropeptides containing glycine at position 1 (denoted as peak 6, 7, 8 and 9 in Fig. 6B and Supporting Information Fig. S4 ). Moreover, peaks corresponding to muropeptides containing glycine at position 1 could not be detected in PG isolated from DyfiH grown in media supplemented with both glycine and alanine (Fig.  6B) indicating that high concentration of L-alanine effectively suppresses the incorporation of glycine into the muropeptides. However, we also observed high amount of glycine replacing the terminal D-alanine of tetrapeptides (denoted as peak 4 and 5 in Fig. 6B ) in the PG sacculi of both WT and the mutant which could be attributed to the L, D-transpeptidase-mediated exchange reaction in the periplasm as reported earlier (Cava et al., 2011) . The above results confirm that yfiH prevents incorporation of both L-serine and glycine containing precursors into the PG sacculi.
Presence of L-serine leads to defective PG
Incorporation of muropeptides containing L-serine/glycine in PG sacculi of E. coli is an uncommon phenomenon and we reasoned that it may adversely affect the processes closely dictated by PG composition and hence, its architecture. Therefore, we examined the rate of PG synthesis in WT and yfiH mutant grown in various conditions by measuring the incorporation of 3 H-mDAP into the PG sacculi (as described in Wientjes et al., 1985) . Figure 7A shows that 3 H-mDAP incorporation into PG sacculi of yfiH mutant grown either in MM 1 Glu 1 CAA or MM 1 Glu 1 Ser is decreased by about 50% compared to the WT (Fig .   Fig. 4 . PG composition of yfiH mutant. HPLC chromatograms of muropeptides from WT and DyfiH grown in LB (A), MM 1 Glu 1 CAA (B) and MM 1 Glu 1 Ser (C); DyfiH/pBAD33-yfiH grown in MM 1 Ara 1 Ser (D); DyfiH grown in MM 1 Glu (E); and DyfiH/pBAD33-sdaA grown in MM 1 Ara 1 Ser (F). PG isolation, RP-HPLC and mass spectroscopy were performed as described in Experimental Procedures. Chromatograms presented here are representative of three independent experiments. Muropeptides present only in the mutant are labelled in red. (G) Structure of the muropeptides identified by mass spectroscopic analysis. Peak 4-dimer of disaccharide tetrapeptide with L-serine in one of the peptides; peak 5-disaccharide tripeptide containing L-serine in place of alanine: peak 1-mixture of disaccharide tripeptide with Lalanine and disaccharide tetrapeptide with L-serine. Molecular mass of the muropeptides includes mass of a sodium ion.
7A.1 and A.2). However, when grown in MM 1 Glu or MM 1 Glu 1 Ser 1 Ala, yfiH mutant showed no significant difference in the PG synthesis rate (Fig. 7A.1 and A. 2) proving the adverse effect of L-serine incorporation on new murein synthesis.
As absence of yfiH resulted in the occurrence of noncanonical amino acids in the muropeptides of PG sacculi, we expected that PG recycling or turnover may also get affected in yfiH mutant. For this purpose, yfiH deletion was introduced into various single mutants deleted for genes that affect PG hydrolysis, recycling or turnover such as sltA, mltA, -B, -C, -D, -E, -F, -G, amiA, -B, -C, -D, mepA, -S, -M, -H, ampG, oppA, mppA, ampD, mpl, nagZ and so forth. None of the double mutants had any additional growth defects in terms of growth rate or colony size on L-serine containing media such as LB or MM 1 CAA (data not shown). However, surprisingly, yfiH deletion caused extreme sickness in cells lacking both AmiD (an amidase that cleaves the peptides from the glycan strands; Uehara and Park, 2007) and AmpG (an inner membrane permease that facilitates entry of anhydro muropeptides from the periplasm into cytosol; Cheng and Park, 2002) on media containing L-serine (such as LB or MM 1 CAA) but not on L-serine free media (MM 1 Glu). Figure 7B shows that the strain lacking amiD and ampG (SP076) when combined with yfiH deletion (SP077) is extremely sick with cells showing prominent morphological aberrations and lysis. Although, the basis for this additive sickness is not clear, it is possible that the recycling functions of Information Fig. S4 ) whereas the identity of peaks 6, 8 and 9 could not be deciphered. A. Effect of murC overexpression. Strains DyfiH/pBAD33 and DyfiH/ pBAD33-murC were grown overnight and viability assays were performed as described in Experimental procedures.
B. Supplementation of L-alanine suppresses b-lactam sensitivity (1) and prevents the incorporation of L-serine in PG (2).
AmiD and AmpG may confer a protective role to yfiH mutant by facilitating the release and re-entry of L-alanine carrying muropeptides into the cytosol thereby increasing the effective concentration of L-alanine. Alternatively, YfiH may contribute to recycling and absence of all the three recycling pathways in the amiD ampG yfiH triple mutant could result in accumulation of excess L-serine muropeptides leading to defective PG and cell lysis. However, the muropeptide composition of the triple mutant was found to be comparable to that of yfiH mutant alone allowing us to favour the former possibility (data not shown).
YfiH is a soluble periplasmic protein
Although, above experiments demonstrated that YfiH functions in preventing the incorporation of L-serine/glycine containing muropeptides into the PG sacculi, it was not evident whether YfiH operates in the cytosolic compartment or in the periplasm. As the bioinformatic predictions were not conclusive regarding the subcellular location of YfiH, we set out to examine its localization. Initially, we made a reporter gene construct in which a signal-less PhoA (alkaline phosphatase) is fused to the C-terminus of YfiH (YfiH-PhoA) in an arabinoseregulatable vector (pSA13). PhoA is known to display compartment-dependent folding; it is enzymatically active in the periplasm but not in the cytoplasm making PhoA activity a reliable marker to decipher the location of the fusion protein (Manoil and Beckwith, 1986) . Figure 8A shows that YfiH-PhoA is active and exhibits a strong alkaline phosphatase activity (using a chromogenic substrate 5-Bromo-4-Chloro-3-Indolyl Phosphate; BCIP) and also complemented the yfiH deletion mutant (data not shown). We also constructed a set of truncated YfiH-PhoA translational fusions in which signalless PhoA is fused to the N-terminal fragments each carrying 85, 118, 158 or 222 amino acids of YfiH. As shown in Fig. 8A , all these constructs exhibited significant PhoA activity; however, none of them were able to A. Incorporation of new murein in absence of yfiH. Measurement of PG synthesis using 3 H-mDAP in WT and DyfiH grown in MM1Glu1CAA and MM1Glu (1); DyfiH grown in MM1Glu, and MM1Glu1Ser1Ala (2) as described in Experimental procedures. Strains carry lysA deletion to prevent the conversion of mDAP into lysine. B. Growth of DamiD DampG DyfiH. Strains of DamiD DampG and DamiD DampG DyfiH were grown overnight in MM1Glu at 378C and then subjected to viability assay (1), growth curve (2) and microscopy (3) as described in Experimental procedures.
complement the yfiH mutant (data not shown). On the other hand, a construct lacking the first 15 amino acids (resembling a putative signal sequence) of YfiH (YfiH DSS ) fused to PhoA yielded negligible PhoA activity and also could not be detected in the Western blot (Fig.  8A) . These results indicated that YfiH functions in the periplasm.
To decipher whether YfiH is a soluble or membraneassociated periplasmic protein, a functional C-terminal 3XFlag-tagged derivative of YfiH at the native chromosomal locus was constructed (as described in Uzzau et al., 2001 ) and its localization examined using anti-Flag antibodies. Data in Fig. 8B indicate that the protein is present exclusively in the soluble fraction (lane 3) leading to the conclusion that YfiH is a soluble periplasmic protein.
yfiH is functionally conserved in Gram-positive bacteria As mentioned earlier, yfiH orthologs are located in the division and cell wall (dcw) cluster of many Grampositive bacteria ( Fig. 2A and Supporting Information  Fig. S5 ). To test whether Gram-positive orthologs of yfiH perform a similar function like that of E. coli, the yfiH homologs of Bacillus subtilis (ylmD) and Mycobacterium tuberculosis (yfiH Mtb ) were cloned in pBAD18 and pTRC99a respectively. The clones carrying ylmD (pSA21) and yfiH Mtb (pSA20) complemented the growth defect of DamiD DampG DyfiH triple mutant as shown in Fig. 9A .1 and A.2. Interestingly, a B. subtilis strain lacking ylmD (DylmD::Erm from NBRP B. subtilis, Japan) also exhibited hypersensitivity to b-lactam antibiotics (such as cephalexin and ampicillin) on LB medium which was suppressible by addition of L-alanine (Fig.  9B) . Above findings indicate functional conservation of yfiH across various bacterial genera.
Evidence for a catalytic role of YfiH
Above results suggest a role for YfiH in either preventing the incorporation of the incorrect muropeptides into PG sacculi or eliminating them from PG either directly or indirectly. To examine whether YfiH exhibits any PG hydrolytic activity, we cloned full length yfiH into an overexpression vector under an IPTG-inducible promoter (pSA10) and purified the protein as a C-terminal YfiHHis 6 fusion derivative. The plasmid clone was shown to be functional as it complemented the growth defects of DamiD DampG DyfiH (Fig. 9C.2 ). The activity of purified YfiH was tested using intact PG sacculi or soluble muropeptides derived from both WT and DyfiH mutant as substrates and analysed by RP-HPLC (as described in Singh et al., 2012) . No activity of YfiH was detected on these substrates despite using multiple enzyme preparations, altered reaction conditions (buffers, temperature and pH) or adding external metal cofactors (zinc or copper). Inability to detect any PG hydrolytic activity could be attributed to several reasons such as lack of the required cofactor/s or proteins in the assay system, unknown substrate requirement or lack of hydrolytic activity. A previous in vitro study (Beloqui et al., 2006) demonstrated an extremely weak laccase activity of purified YfiH protein from E. coli on typical laccase were subjected to western analysis and also patched onto 121 medium plates supplemented with 0.2% arabinose and 40 mg/ ml BCIP (5-bromo-4-chloro-3'-indolyl phosphate, sodium salt) and incubated till the development of blue coloration. DphoA carrying vector alone (pMN222) and WT were patched as the negative and positive controls respectively. DphoA strain was used to eliminate endogenous PhoA activity. 1 or -indicate presence or absence of PhoA activity whereas 1 or -in the lane labeled as "complementation" indicate their ability to complement yfiH mutant. B. Subcellular fractionation. An overnight culture of MG1655 yfiHFlag-Kan was diluted 1:100 in LB and allowed to grow at 378C. Cells were harvested at 0.5 OD and fractionated as described in Experimental procedures. Membrane (lane 2) and soluble fractions (lane 3) along with total cell lysate (lane 1) were loaded on SDS/ PAGE and subjected to western analysis to detect YfiH using antiFlag antibody. Inner membrane protein FtsI and a soluble periplasmic protein MBP were used as controls.
substrates such as syringaldazine and ABTS [2, 2 0 -Azino-Bis (3-ethylbenzoThiazoline-6-sulfonic acid)], but its significance in the context of PG is not clear. YfiH is a predicted multi-copper oxidoreductase that may exist as a dimer with eight zinc atoms in its coordination sites (PDB ID: 1Z9T; Kim et al., 2006) . Based on the crystal structure, the zinc co-ordination sites and alignment of yfiH orthologs from various bacterial and vertebrate species, we identified several conserved residues that could be crucial for its function (Supporting Information Fig. S5) . Five of such conserved residues, D-89, D-106, C-107, H-124 and D-193 were each mutated to alanine and their ability to complement in vivo physiological activity was examined. Excepting D193A, none of these mutant derivatives were able to complement the growth defect of DamiD DampG DyfiH (Fig. 9C.2 ) and hence appear to be important for the physiological function of YfiH, although, the clone carrying D106A showed lowered YfiH-His expression suggesting it could be unstable ( Fig. 9C.1 ). These observations imply that YfiH is a catalytically active enzyme; however, its physiological substrate remains to be identified.
Discussion
In this study, we report a conserved open reading frame of unknown function, yfiH as a factor that contributes to the maintenance of structure and composition of muropeptides in the bacterial PG sacculus. Using extensive genetic and molecular analyses of the yfiH deletion mutant, its suppressors and synthetic lethals, we demonstrate that presence of non-canonical amino acids such as L-serine or glycine in place of L-alanine in the peptide chains of PG leads to deleterious effects. Overall, our results suggest bacteria may encode editing/quality control pathways to maintain composition and integrity of PG.
Non-canonical amino acid incorporation in muropeptides
In contrast to the glycan chains that are invariant (excepting a few modifications such as O-acetylation, N-deacetylation or N-glycolylation of MurNAc or GlcNAc residues), peptide chains show considerable variation in their composition and primary sequence. Interspecies variation is most common; however, in the same species, variations occur depending on conditions such as growth phase, A. Studies using yfiH orthologs of Mycobacterium tuberculosis (yfiH Mtb ) and Bacillus subtilis (ylmD). Viability assays were performed using overnight grown cultures of DamiD DampG DyfiH carrying pTRC99a or pTRC99a-yfiH Mtb (1) and DamiD DampG DyfiH carrying pBAD18 or pBAD18-ylmD (2). IPTG was used at 250 mM. B. b-lactam sensitivity of B. subtilis mutants. Growth of WT (B. subtilis 168; MGNA-A001) and DylmD (B. subtilis 168 DylmD::Erm; MGNA-B125) on the indicated plates. Cephalexin and L-alanine were used at 0.125 mg ml 21 and 3 mM respectively. C. Stability and functionality of the mutant YfiH proteins. Cultures of BL21 (kDE3) carrying pET21a, pET21a-yfiH or mutant yfiH derivatives (with D89, D106, C107, H124 and D193 residues each mutated to alanine) were induced with 0.1 mM IPTG and cell lysates were subjected to western analysis (1). Anti-His antibody was used to detect YfiH protein while FtsZ was used as the loading control. To check in vivo functionality, DamiD DampG DyfiH strains carrying the above-described plasmids were subjected to viability assays at 308C as described in Experimental procedures. IPTG was used at 250 mM.
Role of yfiH (pgeF) in peptidoglycan metabolism 715 medium composition, presence of antibiotics etc. Major causes for these variations are (i) poor stringency of Mur ligases, (ii) modifications that occur posterior to the action of the ligases, (iii) amino acid composition of growth media, and (iv) L, D-transpeptidase-mediated exchange reactions in periplasm. In most Gram-negative bacteria, Mycobacteria and Bacilli including E. coli, the sequence of the tetrapeptide is L-alanine -D-glutamic acidmDAP -D-alanine in which L-alanine is covalently attached to the MurNAc of glycan strand. MurC, the enzyme responsible for this reaction adds L-alanine to UDP -MurNAc residue in most cases; but in few species, glycine (Mycobacterium leprae, Brevibacterium imperiale) or L-serine (Butyribacterium rettgeri) are added instead (reviewed in Vollmer et al., 2008) .
Toxicity of excess glycine and L-serine on growth of bacteria is known earlier and interestingly, these defects appear to be largely due to altered PG metabolic functions (Park, 1958; Strominger and Birge, 1965; Hishinuma et al., 1969) . Exogenous addition of glycine is known to result in accumulation of UDP -MurNAc -gly intermediates in the cytosol (Park, 1958; Strominger and Birge, 1965) . Recently, it was shown that in E. coli, high intracellular concentration of L-serine interferes with the synthesis of UDP -MurNAc -L-alanine in addition to causing deficiency of one-carbon units and/or Sadenosylmethionine leading to adverse effects on cell growth (Zhang et al., 2010) . However, till now, there is no direct evidence of incorporation of any other amino acid (in place of L-alanine) at the first position of muropeptides in the mature PG sacculus. In this context, it is interesting to detect the presence of L-serine/glycine in the PG sacculi of yfiH deletion mutant.
In vitro studies have established that MurC possess poor substrate specificity and can ligate both L-serine and glycine in addition to L-alanine with variable affinity (calculated K m values for L-alanine, L-serine and glycine are 20, 850 and 2500 mM respectively) (Liger et al., 1991 (Liger et al., , 1995 Gubler et al., 1996) . These earlier observations and data from this study suggest the competition between L-alanine and L-serine/glycine for the MurC ligase as the basis for the misincorporation in the cytosolic PG precursors. Suppression of all the phenotypes of yfiH deletion mutant by decreasing the pool of intracellular L-serine/glycine by a variety of methods strongly supports this idea and clearly indicates that incorporation of L-serine/glycine containing muropeptides in the PG sacculus is detrimental to E. coli.
Physiological function of YfiH
The presence of L-serine/glycine-containing peptides in the PG of yfiH mutant and the absence of such muropeptides in the PG of WT suggests that YfiH functions to maintain the composition of peptide chains. However, it is not clear how YfiH eliminates/prevents the incorporation of L-serine/glycine muropeptides in the PG sacculi. Considering the periplasmic localization of YfiH protein and the other findings of this study, we envisage two possibilities for its function. The first possibility is that YfiH detects the incoming PG precursors with incorrect amino acids and prevents subsequent polymerization of such substrates into nascent glycan strands. Second possibility is that YfiH functions as an editing or proofreading enzyme by scanning the mature PG sacculus for misincorporated peptides leading to their elimination. In both scenarios, YfiH is likely to be involved in 'editing or proof reading the peptides of the nascent PG precursors or of the mature PG sacculi' to facilitate the quality control of PG sacculus. However, our attempts to decipher the enzymatic activity of YfiH were not successful, although the metal-binding properties and conservation of active site residues were suggestive of an enzymatic function (Beloqui et al., 2006; Kim et al., 2006) .
Conservation of YfiH
yfiH is totally conserved in Gram-negative bacteria and in most other Gram-positive bacteria except in Lactobacillales. It is also absent in Butyribacterium rettgeri (renamed Eubacterium limosum), the only organism known to contain L-serine at the first position of the peptide chain (Miller et al., 1966; Vollmer et al., 2008) . In contrast, yfiH ortholog is conserved in Mycobacterium leprae which has glycine at the first position. It is shown that MurC of M. leprae exhibits similar substrate specificity as that of MurC of M. tuberculosis (which contains L-alanine) in vitro. How M. leprae has evolved to exclusively incorporate glycine instead of L-alanine is an intriguing problem (Mahapatra et al., 2000) . The alignment of orthologs from several bacteria and vertebrates reveals that YfiH of M. leprae has a histidine residue in place of an aspartic acid in one of the characteristic and well-conserved motif VMTADCLPVL (Supporting Information Fig. S5 ) raising an interesting possibility that M. leprae has evolved to maintain glycine in their peptide chains.
Among eukaryotes, YfiH is found exclusively in the members of the phylum vertebrata (that includes fishes, amphibians, reptiles, birds and mammals) and shows highly significant conservation across the complete ORF (Supporting Information Fig. S5 ). Another observation to be noted is that single nucleotide polymorphisms (SNPs) in the human YfiH homolog (called C13orf31 or LACC1) are known to result in predisposition to multiple inflammatory diseases such as Crohn's, juvenile idiopathic arthritis and leprosy (Barrett et al., 2008; Wakil et al., 2015; Liu et al., 2015) indicating its possible role in innate immunity. Very recently, it was shown that vertebrate YfiH ortholog (renamed FAMIN) is a central regulator of immune-metabolic functions and contributes to the formation of reactive oxygen species, inflammasome activation and bactericidal activity of macrophages (Cader et al., 2016) . It would be interesting to examine whether FAMIN is involved in processing and presenting PG fragments to immune cells as part of an immunological response.
Experimental procedures
Media, bacterial strains and plasmids
The growth media is LB (1% tryptone, 0.5% yeast extract, 1% NaCl) or Minimal media (Miller, 1992) supplemented with 0.2% glucose (MM 1 Glu) or 0.5% Casamino acids (MM 1 CAA) unless otherwise indicated. LBON is LB with no added NaCl. NA (nutrient agar) has 0.5% peptone and 0.3% beef extract. Antibiotics were used at the following concentrations (mg ml Bacterial strains and plasmids used in this study are listed in Table 1 . Strains and plasmid constructions are described in detail in Supporting Information (SI).
Anti-PhoA (rabbit), anti-Flag (mouse) and anti-His (mouse) primary antibodies were sourced from ThermoFisher, Sigma-Aldrich and Qiagen respectively. Anti-MBP (rabbit), anti-FtsI and anti-FtsZ were kind gifts from Thomas Silhavy, Waldemar Vollmer and Thomas Bernhardt respectively.
Molecular and genetic techniques
Experiments involving recombinant DNA and plasmid manipulations were performed as per the standard protocols (Sambrook et al., 1989) . P1-phage mediated transductions and transformations were performed using standard methods as described (Miller, 1992) .
Viability assays and growth curves
To measure the viability of indicated strains, overnight cultures were serially diluted (10
22
, 10
24
, 10 25 and 10
26
) and 5 ml aliquots of each dilution were spotted onto the required plates followed by incubation at the indicated temperature. Normally, the incubation time was 16-20 h on LB or MM 1 Glu 1 CAA plates and 24-36 h for MM 1 Glu or MM 1 CAA plates. For growth curves, overnight grown culture of the indicated strains was diluted 1:10000 in fresh medium and allowed to grow at the desired temperature.
Optical density at 600 nm (OD 600 ) was recorded at 1 h intervals and then plotted using Graph Pad Prism software.
Identification of multicopy plasmid suppressors of DyfiH
A multicopy plasmid library carrying overlapping E. coli genomic DNA fragments (partially digested with Sau3A) cloned in a p15A-based plasmid, pACYC184 at BamHI site (obtained from Miroslav Radman's laboratory) was transformed into MG1655 DyfiH deletion mutant. Transformants were selected on LB-Cam-Cephalexin (Ceph at 3mg ml 21 ) plates at 378C. Their suppression ability was reconfirmed after an additional round of transformation in DyfiH. The clones were sequenced using the flanking vector primers 184TetA (5 0 -CGC CGA AAC AAG CGC TCA TGA GCC 23 0 ) and 184TetB (5 0 -CTA TGC GCA CCC GTT CTC GGA GCA C -3 0 ). The putative candidate genes were cloned into other plasmid vectors and their ability to suppress cephalexin sensitivity of DyfiH was reconfirmed.
Preparation of murein sacculi
Isolation of peptidoglycan or murein sacculi was performed as described earlier (Glauner, 1988; Glauner et al., 1988) . Cells were harvested from 1 l of early exponential phase culture (OD 600 0.3) of indicated strains by centrifugation at 10,000 3 g for 10 min at 48C. The cell pellet was resuspended in 4 ml of ice-cold deionized water and stirred dropwise into 4 ml of boiling 8% SDS and allowed to boil for 45 min to completely solubilize membranes and destroy high molecular weight DNA. The boiled mixture was incubated at room temperature for overnight followed by collection of sacculi by ultracentrifugation (130,000 3 g, 30 min, RT). To remove SDS from the sacculi, the pellet was washed with deionized water multiple times after which the traces of SDS were assayed as described previously (Hayashi, 1975) . To remove high molecular weight glycogen and covalently bound lipoprotein, PG sacculi was treated with a-amylase (100 mg ml 21 in 10 mM Tris-HCl, pH 7.0, 2 h at 378C) and pre-digested pronase (200 mg ml
21
, 90 min at 608C) respectively. To inactivate these enzymes, the PG sacculi were boiled with equal volume of 8% SDS for 15 min. Another round of ultracentrifugation and washing with deionized water to remove traces of SDS yielded pure PG sacculi. The final pellet was resuspended and stored in 25 mM Tris-HCl.
HPLC analysis of muropeptides
The HPLC analysis was performed as previously described (Glauner, 1988) with slight modifications. 10 mg PG sacculi were digested with 20 U mutanolysin (Sigma-Aldrich) at 378C in 25 mM Tris-HCl (pH 8.0) for 16 h with stirring to prepare soluble muropeptides. The suspension was centrifuged (10,000 3 g, 15 min, RT) to remove any insoluble material. The muropeptides were reduced with 1 mg of sodium borohydride in 50 mM sodium borate buffer (pH 9.0) for 30 min and 20% ortho-phosphoric acid was added to destroy remaining borohydride and pH was adjusted to Role of yfiH (pgeF) in peptidoglycan metabolism 717 3-4. The reduced muropeptides were loaded onto a preheated (at 508C) Zorbax 300 SB RP-C18 (250 3 4.6 mm, 5 mm) column connected to an Agilent technologies RRLC 1200 system to perform HPLC. The binding of muropeptide was facilitated at a flow rate of 0.5 ml min 21 with deionized water containing 1% acetonitrile and 0.1% trifluoroacetic acid (TFA) for 10 min. The peptides were eluted using a gradient of 1-10% acetonitrile containing 0.1% TFA at a flow rate of 0.5 ml min 21 for next 60 min (using RRLC online software 'Chemstation'). Muropeptides were detected by absorbance at 205 nm and identified by MALDI-MS and MS/MS analysis.
MALDI-TOF analysis of muropeptides
The HPLC purified muropeptides were dried and reconstituted into 50% acetonitrile containing 0.1% TFA. The solution was mixed with matrix (a-cyano-4-hydroxycinnamic acid; CHCA) and spotted onto a MALDI target plate. A 4800 plus MALDI TOF/TOF system (ABI systems) in positive ion reflector mode was used to acquire the data. Molecular mass of the peptides was analyzed by GPS software version 3.6 (ABI). Relevant peaks were subjected to further MS/MS analysis.
Measurement of 3 H-mDAP incorporation into PG sacculi
Incorporation of 3 H-mDAP into murein sacculi was done as described (Wientjes et al., 1985) . LB grown cultures of the indicated strains were washed with MM and diluted 1:10000 into prewarmed MM 1 Glu broth with and without 0.5% casamino acids/serine/serine-alanine supplementation. Lysinesupplementation was done wherever necessary as all the strains contained lysA deletion. Cultures were allowed to grow till early exponential phase (OD 600 0.3). For pulselabelling of PG sacculi, 0.5 ml culture aliquots were collected at regular intervals of 30 min and incubated with 5 mCi ml , Moravek Biochemicals, USA) for 10 min at 378C. The incorporation was terminated by boiling the cells with 3 ml of 4% SDS for 1 h. The mixture was cooled to room temperature followed by filtration through 0.22 mm filters (Millipore). The filter discs were washed with 30 ml of deionized water, dried and immersed into 5 ml toluene-based scintillation fluid prior to counting the radioactivity in a liquid scintillation counter (Perkin-Elmer).
Microscopy
To monitor cell morphology, indicated strains were grown overnight. Cultures were diluted 1:10,000 into appropriate medium and allowed to grow till early exponential phase (OD 600 0.3). Cells were harvested, concentrated and immobilized on a thin agarose (1.5%) pad and visualized under a Zeiss Axioimager microscope in DIC (Nomarski optics) mode.
